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Garrett, James S. Ph.D., Human Factors and Industrial/Organizational Program, 
Department of Psychology, Wright State University, 2016. The interaction of goal-directed and 
stimulus-driven attentional and oculomotor capture with magnocellular- and parvocellular-
mediated stimuli.  
The current study simultaneously examined the potentiality of a magnocellular attentional 
advantage and the competition between top-down and bottom-up processing on attention 
during visual search as measured by covert and overt visual attention. Specifically, the study 
tested two opposing views of the competition between top-down and bottom-up processing. 
The contingent involuntary orienting hypothesis (Folk, Remington, & Johnston, 1992), states 
that goal directed search is not affected by target-irrelevant stimuli. In contrast, the distractor 
interference paradigm (Theeuwes, 1994), states that goal directed search can be affected by 
target-irrelevant stimuli if more salient than the rest of the search array. The study utilized a 
search array of contrast-equated orientation and spatial frequency modulated Gabor patches to 
preferentially activate the magnocellular and parvocellular visual streams in order to test for a 
magnocellular attentional advantage. Participants were asked to find a singleton target Gabor 
patch amongst a field of distractor Gabor patches. The results were mixed. Top-down search for 
a spatial frequency singleton provided support for the distractor interference paradigm while 
top-down search for an orientation singleton provided support for the contingent involuntary 
orientating hypothesis. These mixed results suggest top-down versus bottom-up search is more 
complicated than these two theories suggest. By demonstrating the effect of a target-irrelevant 
distractor on response time and accuracy, I provide that a bottom-up attentional priority exists 
when performing a top-down search for an orientation singleton, but not for a spatial 
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frequency singleton. Additionally, the current study could find no evidence for a magnocellular 
attentional advantage.  
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The world is filled with an enormous amount of visual information. It is impossible to 
take in all visual information from every location in space, identify and cognitively process all of 
it to determine the importance of everything in the context of the situation, predict the result 
of every action, and finally decide which course of action to take. In reality, only a small subset 
of visual information reaches consciousness. With change blindness, for example, large changes 
in a scene can go completely unnoticed by the observer because their attention was focused 
elsewhere (Noe, Thompson, & Pessoa, 2000; Simons & Rensink, 2005).  
Fortunately, humans have built-in cognitive processes, top-down and bottom-up, that 
guide our attention to potential areas of interest. There is currently disagreement in the 
literature regarding which process takes priority. For example, the contingent involuntary 
orienting hypothesis (Folk, Remington, & Johnston, 1992) suggests bottom-up processes do not 
always interfere with top-down search while the distractor interference paradigm (Theeuwes, 
1992) suggests top-down search can be dominated by bottom-up processes. Another, separate 
line of research questions the differing effects, if any, of the magnocellular and parvocellular 
visual systems on attentional capture. The current study addresses both research questions 
simultaneously in order to investigate each idea separately as well as any potential interactions 
between the two. 
Saliency and Attention 
The primary driver of bottom-up interference of top-down attention is the visibility or 
“saliency” of an object. A salient object is one that differs from surrounding objects on some 
visual feature. For example, a single red apple amongst a group of green apples stands out 
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because it differs in color. That red apple would then be considered salient. A salient object 
captures attention in an automatic bottom-up manner, resulting in a reduction in the time it 
would take to find that particular object. Motion is also salient and provides strong bottom-up 
attentional capture. The current study used static stimuli (i.e. no motion) by manipulating 
spatial frequency and orientation in order to exert greater control over the salient components 
in the stimuli.  
Past research, however, has used different visual features and both static and dynamic 
stimuli to present a salient stimulus to capture attention. Examples of dynamic stimuli include 
abrupt visual onset stimuli (e.g. an object suddenly appearing in a preexisting stimulus) 
(Jonides, 1981; Jonides & Yantis, 1988; Miller, 1989; Müller & Rabbitt, 1989; Posner & Cohen, 
1984), luminance change (Atchley, Kramer, & Hillstrom, 2000; Irwin, Colcombe, Kramer, & 
Hahn, 2000; Posner, 1980; Snowden, 2002), or motion onset (Abrams & Christ, 2003). The new 
or changed item in the stimulus will be salient and capture the viewer’s attention. A static 
stimulus presentation necessitates that all objects within a stimulus set simultaneously appear 
and remain unchanged throughout the trial (Leonard & Luck, 2011; Rauschenberger, 2003; 
Theeuwes, 1991; 1992). A static, simultaneously-onset stimulus can contain a salient item if 
that item differs significantly from the other items on some visual feature (e.g. a green item 
amongst red items) (Treisman & Gelade, 1980). The utility of dynamic and static stimuli will be 
further examined below with respect to the current study. 
Goal-Directed versus Stimulus-Driven Attentional Capture 
A prominent view in the literature is that visual stimuli are first preattentively processed 
in order to ascertain which visual features are present (Broadbent, 1958; Treisman & Gelade, 
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1980). Attention is then directed to certain items in the visual field. There are two ways 
attention can be directed. Visual attention can be influenced by either goal-directed (top-down, 
endogenous) or stimulus-driven (bottom-up, exogenous) processes. For example, looking for a 
red shirt in your closet is a goal-directed task. Your attention is directed based on your goal (i.e. 
look for red). However, if your closet is filled with nothing but red shirts plus one yellow shirt, 
your attention may be involuntarily captured by the yellow shirt even though it was not the 
goal of your task. This would be an example of a stimulus-driven process. Past research has 
focused on determining whether visual attention is primarily driven by goal-directed or 
stimulus-driven processes. What follows is a review of each side of the debate. 
Goal-directed attentional capture. The goal-directed view claims a singleton distractor 
can only capture attention if it matches a feature type of the goal target (Ansorge & Heumann, 
2003; Bacon & Egeth, 1994; Folk & Remington, 1999; Folk, Remington, & Johnston, 1992; Folk, 
Remington, & Wright, 1994; Gibson & Kelsey, 1998; Lamy, Leber, & Egeth, 2004). That is, the 
particular task goal at hand alters the attentive mechanism to direct attention towards task 
relevant stimuli.  
Folk et al.’s (1992) contingent involuntary orienting hypothesis (CIOH) suggests that 
participants put the target-relevant features into an attentional set. The attentional set is an 
element of working memory that contains all of the information required to locate the target 
(Folk, Leber, & Egeth, 2002). The attentional set mediates attentional capture by exerting an 
influence over which visual features to attend via goal-directed control. The result is that 
target-relevant stimuli will capture attention whereas target-irrelevant stimuli will not. 
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For example, imagine the participant’s task is to find the circle (see Figure 1). Therefore, 
“circle” is in the participant’s attentional set. The stimulus on the left side of Figure 1 does not 
have any target-relevant distractors (i.e. other circles), therefore the response time to find the 
target should be relatively fast. The stimulus on the right side of Figure 1 contains a salient red 
diamond. Salient items typically capture attention. However, the contingent involuntary 
orienting hypothesis predicts that because “red” is a target-irrelevant visual feature, the red 
diamond should not capture attention, and therefore should have no impact on response time. 
 
Figure 1. Example prediction of contingent involuntary orienting hypothesis. Arrow indicates 
direction of attention. Length of arrow indicatess response time. The circle is the target. CIOH 
predicts the salient red singleton should not capture attention because "red" is not a target 
relevant feature. 
The contingent involuntary orienting hypothesis holds even when irrelevant distractors 
are abruptly onset by flashing (i.e. disappearing and reappearing in different locations) or when 
moving (i.e. being individually moved back and forth along a path) (Pashler, 2001). Thus, the 
research reviewed provides support for the proposition that goal-directed (top-down) behavior 
overrides stimulus-driven (bottom-up) attentional capture when the distractors are irrelevant.  
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Stimulus-driven attentional capture. Conversely, the stimulus-driven (bottom-up) view 
suggests an irrelevant singleton can capture attention if it is more salient than everything else, 
even in a goal-directed task, (Itti & Koch, 2000; Jonides & Yantis, 1988; Theeuwes, 1991; 2004) 
due to the evolutionary need to attend to potentially dangerous entities. Research shows that 
dynamic stimuli such as abrupt visual onset stimuli (Jonides, 1981; Jonides & Yantis, 1988; 
Miller, 1989; Müller & Rabbitt, 1989; Posner & Cohen, 1984) and abrupt luminance changes 
(Atchley, Kramer, & Hillstrom, 2000; Posner, 1980; Snowden, 2002) capture attention in an 
automatic bottom-up fashion. That is, the bottom-up attentional capture is not under voluntary 
control. 
For example, Jonides (1981) required participants to identify on which side of the screen 
a target appeared. Participants’ response times increased when a sudden onset distractor 
appeared near a non-target location and decreased when it appeared near a target location 
even when they were instructed beforehand to ignore the distractor. That is, their attention 
was automatically captured by the irrelevant distractor.  
Remington, Jonides, and Yantis (1992) found that participants’ response times were 
worsened due to automatic bottom-up attentional capture when a task irrelevant abrupt onset 
occurred away from the target even though the participants knew that the distraction would 
never occur at the target location. Furthermore, Müller and Rabbitt (1989) claimed involuntary 
attentional capture by irrelevant distractors overpowers voluntary orienting by showing 
automatic visual orienting to irrelevant flashes of light in the stimuli. 
Theeuwes (1991; 1992; 1994) used a two singleton approach, or the distractor 
interference paradigm, in which two salient singletons, one target and one task irrelevant 
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distractor, are presented simultaneously in a goal-directed task. Attentional capture of the 
salient distractor occurs regardless of goal-directed control and occurs even when the 
distractor does not share a visual feature with the target. For example, participants were 
presented with an array of green diamonds with one green circle shape as the target (see 
Figure 2). Reaction time increased when a second irrelevant singleton, a red diamond, was 
present even though the participants’ task was goal-directed in nature (i.e. find the circle 
shape). This research paradigm suggests that attention is captured automatically and 
involuntarily by the most salient object, even in simultaneous-onset conditions.  
 
 
Figure 2. Example of stimuli from the distractor interference paradigm. Green circle singleton 
target (left) along with the additional red diamond singleton distractor (right). Arrow indicates 
direction of attention. Length of arrow indicatess response time. The circle is the target. DIP 






The current study utilized experiments with stimuli that simultaneously tested both the 
contingent involuntary orienting hypothesis and the distractor interference paradigm such that 
the two theories made different predictions. The current study also examined the 
magnocellular and parvocellular visual systems as a potential driver of bottom-up attention that 
is independent of saliency. 
Magnocellular Attentional Advantage  
Some research has suggested a magnocellular attentional advantage exists. That is, past 
research has shown support for the idea that the magnocellular system is the primary facilitator 
of visual attention, as opposed to the parvocellular visual system. What follows is a very brief 
explanation of the anatomical connectivity and functionality of the magnocellular and 
parvocellular visual systems. 
Early in the visual pathway, these two systems are independent and comprise different 
sets of retinal ganglion cells that connect to separate layers of the lateral geniculate nucleus. 
The relatively slower parvocellular system primarily processes color, texture, shape, and high 
spatial frequency information. The relatively faster magnocellular system primarily processes 
movement, location, and lower spatial frequency information (Livingstone & Hubel, 1987; 
1988). The two systems remain predominately separate in the primary visual striate cortex but 
later overlap in the extrastriate cortex.  
 The magnocellular system dominates feedforward inputs into the dorsal stream, which 
plays a role in spatial orienting (Corbetta & Shulman, 2002; Yantis, et al., 2002) and to the 
superior colliculus, which plays a role in covert attention (Lovejoy & Krauzlis, 2010) and saccadic 
eye movements (White & Munoz, 2011). The parvocellular system dominates feedforward 
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inputs to the ventral stream, which plays a major role in object processing (Ungerleider & 
Haxby, 1982).  
Although the parvocellular system is also capable of capturing visual attention 
(Snowden, 2002; Theeuwes, De Vries, & Godijn, 2003; Wu & Remington, 2003), the anatomical 
and functional differences between these streams may drive visual attention differently when 
presented with stimuli that are primarily processed by one of the two pathways. Therefore, the 
magnocellular system could be expected to provide an attentional advantage over the 
parvocellular system. That is, objects that primarily activate the magnocellular system may 
capture attention to a greater degree than objects that primarily activate the parvocellular 
system. 
Magnocellular attentional advantage. Steinman, Steinman, and Lehmkuhle (1997), found 
that magnocellular biased cues (luminance) resulted in greater attentional capture when 
compared with parvocellular biased cues (isoluminant color). They also controlled for the 
possibility that magno-mediated stimuli were resulting in faster reactions times simply as a 
result of the magnocellular pathway’s relatively faster processing speed by staggering the 
presentation of the stimuli. Their results continued to show an attentional bias toward magno-
mediated stimuli even when controlling for the processing speed of the magnocellular system. 
Sudden-onset distractors, which activate the magnocellular system, have been shown to 
capture attention as evidenced by an increased reaction time to find a target. For example, 
movement via a sudden-onset distractor slowed reaction time when searching for a color 
singleton amongst an array of simultaneously-onset distractors (Theeuwes, Kramer, Hahn, 
Irwin, & Zelinsky, 1999). Additionally, Irwin, Colcombe, Kramer, & Hahn (2000) found that 
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changing the luminance of an existing distractor, which would similarly activate the 
magnocellular system more so than the parvocellular system, also increased reaction time to 
find the target, providing further evidence that a magnocellular attentional bias exists. 
Cheng, Eysel, and Vidyasagar (2004) examined stimuli designed to activate the 
magnocellular pathway more than the parvocellular pathway to demonstrate an attentional 
advantage for the magnocellular pathway as measured by response times. They used static-
onset isoluminant chromatic stimuli in a visual serial search task and found longer search times 
when compared with search arrays that contained luminance contrast. Since trials containing 
luminance contrast would activate the magnocellular pathway more so than the parvocellular 
pathway, they concluded that the magnocellular pathway provides a greater attentional role in 
serial search. 
In summary, some past research has hypothesized and found support for the 
proposition that the magnocellular pathway drives visual attention more so than the 
parvocellular pathway. Therefore, the magnocellular pathway may be the primary facilitator of 
visual attention (Vidyasagar, 1999; Laycock, Crewther, & Crewther, 2008). 
 No magnocellular attentional advantage. Other research, however, has found no 
difference in attentional capture between the magnocellular and parvocellular streams. 
Leonard and Luck (2011) used static, simultaneously-onset, rather than sudden onset, 
irrelevant singleton distractors. The distractor was designed to activate either the parvocellular 
stream via isoluminant color, or both the magnocellular and parvocellular stream via luminance 
and color. No difference was found in reaction time between the two conditions suggesting 
that magnocellular activation has no functional consequence. Ries and Hopfinger (2011) used a 
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search task with color and motion targets to activate the parvocellular and magnocellular 
systems, respectively, and found no difference in reaction times between them.  
 Methodological issues of past research. A common theme of past research that has 
investigated a magnocellular advantage is the use of different visual features to preferentially 
activate the magnocellular and parvocellular visual systems. For example, some manipulated 
contrast to activate the magnocellular system and color to activate the parvocellular system 
(Steinman, Steinman, & Lehmkuhle, 1997) or even combined visual features to activate both 
visual systems and compared that to a single visual feature that activated one visual system 
(Cheng, Eysel, & Vidyasagar, 2004; Leonard & Luck, 2011). A potential issue with this 
methodology involves the uncertainty behind whether to not the contrast manipulation 
influenced the magnocellular system as much as the color manipulation influenced the 
parvocellular system. Equating across different visual features is difficult. As such, past results 
might be a function of the stimulus rather than the visual systems. The current study 
investigated a potential magnocellular attentional advantage by using the single visual 
dimension of spatial frequency in order eliminate potential cross-feature issues. Details about 
the stimuli will be explained a later section. 
Attention and Eye Movements 
The link between eye movements and attention is strong enough that many studies use 
eye gaze as a measure of the spatial location of attention. Researchers have employed 
saccades, saccadic latency and saccadic curvature in an effort to provide a measure of visual 
attention that goes beyond the basic reaction time and accuracy measures. The current study 
will also utilize these measurements. 
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Saccades. An often used measure of attention is the saccade or fixation. Studies show 
that attention is directed to a spatial location prior to making a saccade to that location (Findlay 
& Gilchrist, 2003; Hoffman & Subramaniam, 1995; Klein, 1980; Peterson, Kramer, & Irwin, 2004; 
Rizzolatti, Riggio, Dascola, & Umilta, 1987). Past research has found a different pattern of 
saccadic behavior in the measure of attention in top-down and bottom-up search.  
Theeuwes, Kramer, Hahn, Irwin, and Zelinsky (1999) analyzed saccades to research the 
possibility of different mechanisms responsible for top-down and bottom-up saccades (Schall, 
1995).  Participants were instructed to search for a color singleton (goal-directed). A task-
irrelevant abrupt visual onset distractor (stimulus-driven) resulted in a saccadic eye movement 
toward the distractor in about 33% of the trials and an increase in manual reaction time. 
Theeuwes et al. associated this pattern with parallel programming of the two eye movements: 
the top-down saccade was already programmed when the bottom-up saccade was executed. 
Other studies have supported this notion (Theeuwes, De Vries, & Godijn, 2003). Therefore, the 
current study expected to see a different pattern of saccades between top-down and bottom-
up attentional capture. 
 Saccadic latency. Saccadic latency has also been used as a measure of attention or 
saliency and is typically defined as the time between the presentation of the stimulus and the 
initiation of the first saccade. Theeuwes, De Vries, and Godihn (2003) used saccadic latency as a 
measure of saliency in that shorter latencies meant greater saliency of the object that was 
subsequently saccaded. Findlay (1997) used saccadic latency as a measure of covert attentional 
scanning (i.e. moving attention without moving the eyes) in that longer latencies indicated a 
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longer covert search for a target to saccade to. In either case, shorter latencies indicated 
quicker identification of a target of interest. 
Leonard and Luck (2011) also used saccadic latency as a measure of saliency in order to 
investigate a potential magnocellular attentional advantage. That is, if a magnocellular 
advantage existed, they would have expected to have seen shorter saccadic latencies toward 
magno-mediated stimuli. However, they found no effect. White, Kerzel, and Gegenfurtner 
(2006) confirmed these findings using spatial frequencies instead of luminance to manipulate 
pathway activation.  They also found no difference in saccadic latency across different spatial 
frequencies. 
To replicate previous studies on the topic, current study also utilized the saccadic 
latency measurement in order to detect a potential magnocellular attentional advantage.  
Saccadic Curvature. The studies mentioned thus far used dependent measures such as 
the first fixation or saccadic latency. These measures are limited, however, in that they ignore 
what happens between the start and end of the saccade. Saccadic curvature can provide more 
sensitive information on attentional effects of the stimulus. For example, past studies have 
shown that saccade trajectories are curved toward a distractor when there is competition 
between target and distractor saccade goals (Findlay & Harris, 1984; McPeek, Han, & Keller, 
2003; Minken, Van Opstal, & Van Gisbergen, 1993; Van Ginsenberg, Van Opstal, & Roebroek, 
1987) (see Figure 3). To their credit, Theeuwes et al. (1999) did measure saccade trajectory by 
calculating the maximum angle of deviation of the eye gaze from a linear path between the 
fixation dot and the target and found higher deviations toward sudden onset distractors. Given 
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that sudden-onset (i.e. movement) is a salient visual feature and primarily activates the 
magnocellular system, the result suggests saccadic curvature may be useful in detecting salient 
items as well as a potential magnocellular attentional advantage. The current study utilized this 
measure for that purpose. 
 
Figure 3. Example of saccadic curvature. In the left panel, the saccade goes directly to target 






Stimuli. The current study manipulated the orientation and spatial frequency of Gabor 
patches to selectively activate the magnocellular and parvocellular pathways. Low spatial 
frequencies activate the magnocellular system while high spatial frequencies activate the 
parvocellular system (Livingstone & Hubel, 1987; 1988). Specifically, the activation of the 
magnocellular system is most prominent at spatial frequencies below 1.5 c/deg at threshold 
and the parvocellular system above 1.5 c/deg at threshold (Skottun, 2000). Tolhurst (1975) 
found that spatial frequencies at or above 7.6 c/deg were primarily detected by the 
parvocellular system, 2 c/deg can be detected by both pathways, and 0.25 c/deg can be 
“reasonably assumed” to be primarily detected by the magnocellular system. Legge (1978) 
suggested spatial frequencies below 1.0 c/deg are primarily detected by the magnocellular 
system and above approximately 3.0 c/deg by the parvocellular system. The current study 
employed spatial frequencies of 0.8 c/deg and 8 c/deg to isolate the magnocellular and 
parvocellular systems respectively.  
Although orientation was also manipulated, the magnocellular and parvocellular 
streams have not been found to be differentially tuned to orientation. This provided greater 
control over creating a visual search array that could selectively activate the magnocellular and 
parvocellular streams while still providing enough freedom to generate a variety of 
heterogeneous stimuli. Both spatial frequency and orientation can guide visual attention 
(Tavassoli, van der Linde, Bovik, & Cormack, 2009; Pomplun, 2006; Sagi, 1988; Treisman & 




Dynamic stimuli, such as sudden-onset stimuli, are known to more effectively activate 
the magnocellular system than the parvocellular system (Livingstone & Hubel, 1987; 1988). 
Therefore, to induce greater experimental control, the study used static, simultaneous-onset 
stimuli in order to avoid additional unwanted target-selective activation of the magnocellular 
stream beyond the spatial frequency manipulation. Examples of the stimulus types appear in 
the method section. 
Design. The current study composed two visual search experiments: one goal-directed 
(top-down) and another stimulus-driven (bottom-up). The goal-directed study was designed to 
primarily test the distractor interference paradigm and contingent involuntary orientating 
hypothesis. This experiment primarily showed whether or not bottom-up process interfered 
with top-down search for a predetermined target. The stimulus-driven experiment was 
designed to primarily test for a magnocellular attentional advantage. Because there was no 
predetermined target to search for, this experiment showed whether or not there was a 
magnocellular attentional advantage. 
Details of the manipulations are found in the method section. As a preview, the 
manipulations were stimulus type (i.e. how was the stimulus constructed), set size (2, 4, 6, or 8 
Gabor patches), and distractor spatial frequency (was the distractor(s) high or low spatial 
frequency). 
Measures. In addition to recording manual response time and response accuracy (i.e. did 
the participant locate the singleton), the present study measured observer’s eye movements 
during the search task in order to ascertain where attention was being directed as the task 
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unfolded in time. The primary measures of interest were saccadic latency, number of saccades, 
location of first fixations, and saccadic curvature. 
Summary 
 The above discussion addressed differing theories regarding the processes involved in 
the allocation of visual attention. Some research suggests that top-down processes override 
bottom-up processes while other research suggests the opposite. There is also a line of 
research that suggests the magnocellular system may play a primary role in the capture of 
attention. There have been very few studies that have examined the interaction between the 
visual systems and top-down and bottom-up processes. 
Past studies that used different visual features to selectively activate the magnocellular 
and parvocellular visual systems may have been confounding their results by not controlling for 
the level of influence each stimulus had on each visual system. The present study manipulated 
the orientation and spatial frequency of Gabor patches to create strictly controlled visual 
search stimuli that more precisely selectively activated the magnocellular and parvocellular 
visual systems via spatial frequency content. Moreover, contrast was controlled so that items in 






Folk et al.’s (1992) contingent involuntary orienting hypothesis (CIOH) suggests that an 
attentional set mediates the capture of visual attention by influencing which visual features are 
attended via goal-directed control. This means a distractor may only capture attention in a goal-
directed task if it is similar to the visual feature of the target. Conversely, the distractor 
interference paradigm (Theeuwes, 1992) suggests top-down search can be dominated by 
bottom-up processes. This means a salient distractor will capture attention regardless of target 
relevancy. The stimuli in the current study were constructed such that the two theories make 
different predictions as to the outcome of the experiments.  
Furthermore, if a magnocellular attentional advantage exists, the pattern of results 
should reflect a higher level of attentional capture by magno-mediated (low spatial frequency) 






Six individuals participated in the study, five graduate students and one professor. Ages 
ranged from 22 to 33 with a mean of 27.3. The gender make up was four females and two 
males. All participants had normal or corrected-to-normal vision via either contact lenses or 
glasses.  
Stimuli  
The basic structure of the stimuli were arrays with set sizes of 2, 4, 6, or 8 Gabor 
patches, each with a fixed size of 3.2 degrees diameter, distributed equally around an 8 degree 
radius circle centered on the display. Since reaction time has been shown to be independent of 
the number of cycles beyond three (Vassilev, Mihaylova, & Bonnet, 2002), a size of 3.2 degrees 
was chosen to ensure four cycles for the lowest spatial frequency appeared in each patch. 
There were several different types of stimuli based on this structure. All stimuli will be 
described below. 
Spatial frequency singletons. This set of stimuli contained an array of low spatial 
frequency (0.8 c/deg) Gabor patch distractors with a single high spatial frequency (8 c/deg) 
target patch, or an array of high spatial frequency distractors with a single low spatial frequency 
target. All Gabor patches within a stimulus had the same orientation and were either 45 or 135 
degrees. See Figure 41.  
                                                          










 Orientation singletons. This set of stimuli contained an array of high spatial frequency (8 
c/deg) Gabor patch distractors at either a 45 or 135 degree orientation with a single high spatial 
frequency (8 c/deg) Gabor patch target with the orthogonal orientation, or an array of low 
spatial frequency distractors at either a 45 or 135 degree orientation with a low spatial 
frequency target with the orthogonal orientation. See Figure 5.  
 




Mixed singletons. In this condition target and distractor differed in both spatial 
frequency and orientation, while the remaining field matched the target in spatial frequency 
but not in orientation. Essentially, the mixed singleton stimulus is similar to an orientation 
stimulus but with a spatial frequency singleton. This set of stimuli contained an array of low 
spatial frequency (0.8 c/deg) Gabor patch distractors at an orientation of either 45 or 135 
degrees with a single high spatial frequency (8 c/deg) Gabor singleton distractor of the same 
orientation and a single low spatial frequency Gabor target with the orthogonal orientation, or 
high spatial frequency distractors with a low spatial frequency singleton distractor of the same 





Figure 6. Examples of mixed singleton stimuli for different set sizes. Arrows indicate the target, 





 In order to test for goal-directed versus stimulus-driven attentional control, a goal-
directed based experimental condition was utilized. Folk et al.’s (1992) contingent involuntary 
orienting hypothesis (CIOH) suggests that an attentional set mediates the capture of visual 
attention by influencing which visual features are attended via goal-directed control. If true, the 
pattern of results will reflect that. Furthermore, a stimulus-driven based experimental condition 
was utilized for comparison.  
 Goal-directed search. The participant was asked to find a predetermined target amongst 
a field of distractors. First, the target was shown to the participant at the center of the screen 
surrounded by a grey background that effectively acted as a fixation point before the search 
array appeared. The preview target was removed after one second, leaving just the grey 
background. After 80 msec of grey background, the entire search array appeared for two 
seconds (see Figure 7). The participant responded by pressing the number on the keypad that 
corresponded to the location of the target on the stimulus (see Figure 11). If the participant did 
not respond within two seconds, the trial ended and was recorded as a miss.  
 
Figure 7. Example of a goal-directed trial. 
1s 80 msec 2s 
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Stimulus-driven search. The participant was asked to identify which Gabor patch 
appeared first on the screen. A grey background with a fixation cross (same size as a Gabor 
patch) in the center of the screen was displayed for one second.  The fixation cross was 
removed and replaced by a grey background for 80 msec, followed by the search array for two 
seconds (see Figure 8). The participant had two seconds to respond by pressing the number on 
the keypad that corresponded to the location of the target on the stimulus. The trial 
automatically ended if there was no response within two seconds and was recorded as a miss. 
Although the participant was instructed that one of the Gabor patches would appear first as 
seen in Figure 9 (staggered onset), this was true for only 25% (160) of the trials. All stimuli had 
an equal chance of appearing first in various locations in order to avoid biasing the participant’s 
responses toward certain spatial frequencies, orientations, or locations. In 75% (480) of the 
trials, all of the Gabor patches appeared simultaneously (simultaneous onset). The 
simultaneous onset trials were the trials of interest for the data analysis.  
 
Figure 8. Example of a stimulus-driven simultaneous onset trial. 
 




Figure 9. Example of a stimulus-driven staggered onset trial. 
Apparatus 
 Eye movements were recorded 
using a video-based eye tracker (EyeLink 1000). 
This non-invasive device tracked the eyes by 
recording eye position 1000 times a second 
using a high-speed infrared camera. Robust, 
real-time image analysis was used to identify 
the position of the pupil in each frame and 
direction of gaze extracted.  The tracker was 
calibrated to an observer before each block of trials.  During a trial, the observer’s head was 
stabilized by using a chin and forehead rest.  Moreover, observers could wear their normal eye 
correction (contact lenses only) during eye movement recording. One participant wore 
corrective lenses (glasses) which caused no difficulties in calibrating the tracker for that 
observer. Figure 10 shows a schematic of the EyeLink system.  
1s 
80 msec 2s 
10 msec 




Behavioral data were collected using a combination of MatLab, the EyeLink system, a 
Windows 10 laptop for creating and displaying the stimuli, a DOS based PC dedicated to raw 
eye gaze data collection as well as behavioral data such as fixations and saccades, a 23 inch 
Samsung (model: S23A750D) LED backlit LCD monitor with a resolution of 1920x1080 at 120Hz, 
and a standard keyboard. Participants were required to respond to stimuli using the number 
pad with each number corresponding to a location of an element in the stimuli, see Figure 11. 
 
Figure 11. Each number on the keypad corresponds to an element location in the stimulus. 
Design 
 The study utilized a 2x3x4 within-subjects experimental design for each of the goal-
directed and stimulus-driven experiments. The independent variables of interest were 
distractor spatial frequency (two levels: high, low), stimulus type (three levels: spatial frequency 
singleton, orientation singleton, mixed singleton), and search array set size (four levels: 2, 4, 6, 
8). Nuisance variables were the location of the target and the location of the distractors relative 
to the target. 
 The dependent variables of interest for the goal-directed experiment were response 
time to identify the location of the predetermined target, response accuracy (i.e. did the 











on the target, number of saccades, saccadic latency, and saccadic curvature. For the stimulus-
driven experiment, all of the same dependent variables were measured, however some took on 
a different meaning. Response time meant how long it took the participant to identify the 
location of the Gabor that appeared first. Accuracy meant whether or not the participant 
identified the singleton (i.e. the target from the goal-directed experiment) as appearing first. 
First fixations on the target meant whether or not the participant first fixated on that same 
singleton. Number of saccades, saccadic latency, and saccadic curvature carried the same 
meaning across both experiments.  
Procedure 
Participants received and signed a copy of the consent form. Observers were seated in 
front of a computer monitor. A chin and forehead rest (with attached eye tracker) was placed 
at a position such that their eye was 57cm from the monitor (a comfortable viewing distance). 
The eye tracker was calibrated by using a calibration routine resident in the EyeLink system. The 
participants’ contrast sensitivity was assessed using the method of adjustment, requiring the 
participant to manually adjust the contrast of each different Gabor stimulus type until it was 
just barely visible. Participants maintained their gaze on a fixation point in the center while 
each combination of spatial frequency and orientation (high at 45°, high at 135°, low at 45°, and 
low at 135°) was presented one at a time at each of the eight potential locations. Adjustments 
were made using the up and down arrow keys on the keyboard. The process was repeated 
three times and the contrasts values averaged to determine the contrast used for each Gabor 
patch stimulus type in the study. Contrast sensitivity was measured in order to personalize the 
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contrast of the stimuli so that stimuli were presented to each participant at two times their 
threshold.  
Each experimental session focused on one of the six experimental conditions (two 
experiments by three stimulus types). Each session was split in half in order to keep the time 
required to complete each session to less than one hour. The order in which each participant 
experienced each of the 12 sessions were counterbalanced with stimulus driven blocks always 
being presented first in order to prevent goal driven learning carryover effects (see Table 1). 
The order of trials within each session was randomized such that a trial’s set size as well as the 
spatial frequency, orientation, and location of the singleton Gabor patch could not be reliably 
anticipated by the participant. 
Table 1. Counterbalanced experimental design. Spatial frequency manipulated trials (SF), 
orientation manipulated trials (O), and mixed trials containing both manipulations (M) are 
ordered for each participant.  
  Participant 










 1 SF SF O O M M 
2 O M SF M SF O 
3 M O M SF O SF 
4 SF SF O O M M 
5 O M SF M SF O 









 7 SF SF O O M M 
8 O M SF M SF O 
9 M O M SF O SF 
10 SF SF O O M M 
11 O M SF M SF O 
12 M O M SF O SF 
 
Each goal-directed experimental session, lasting approximately 30 minutes, consisted of 
480 trials (8 possible target locations x 5 trials per location x 4 set sizes) and began with 32 
29 
 
practice trials (4 set sizes x 8 possible target locations). There were six sessions, one for each 
stimulus type, for a total of 2880 trials (480 trials x 6 sessions) requiring a total of three hours. 
Each stimulus-driven experimental session, lasting approximately 40 minutes, consisted 
of 540 trials (480 simultaneous onset trials plus 60 staggered onset trials) and began with 40 
practice trials (32 simultaneous onset trials plus 8 staggered onset trials). There were six 
sessions, one for each stimulus type, for a total of 3240 trials (540 trials x 6 sessions) that 
required a total of four hours. Since the current study was focused on only the simultaneous 
onset trials, the actual number of trials used for data analysis was the same as in the goal-
directed experimental session (2880 trials, 480 simultaneous onset trials x 6 sessions). 
Dependent Measures 
Response time. Response time for the goal-directed experiment was measured as the 
elapsed time from the presentation of the search array to the manual response of the 
participant identifying the location of the target. Response time for the stimulus-driven 
experiment was measured as the elapsed time from the presentation of the search array to the 
manual response of the participant identifying the location of the Gabor that appeared first. 
Accuracy. Accuracy was measured by comparing the participants’ manual response on 
the keypad to the actual location of the singleton. For goal-directed trials, accuracy was a 
measure of how often the participant correctly identified the location of a predetermined 
singleton target. For stimulus-driven trials, there was no predetermined target. However, 
because the same stimuli were used for each search type, accuracy for stimulus-driven trials 
was a measure of how often the participant identified the (goal-directed target) singleton as 
30 
 
the first to appear. By doing this, the study can directly compare the participants’ responses 
between goal-directed and stimulus-driven trials.  
 
Number of saccades. The number of saccades were counted for each trial. Trials with 
zero saccades were included in the analysis. 
Saccadic latency. Saccadic latency was measured as the elapsed time from the 
presentation of the search array to initiation of the first saccade. 
First fixations on target. A first fixation was defined as the first eye gaze location that 
landed outside the starting fixation area (size of a Gabor patch, 3.2 degrees), where the eye did 
not move outside of a 0.15° diameter region for a 
duration of 100 msec.  
The display was divided into eight equal 
sections, each equally surrounding a stimulus 
location and emanating from the center (see Figure 
12). Fixations that landed in an octant of the 
stimulus were tagged as landing at that stimulus 
location. Fixations in octants containing the target 
were marked as a hit while fixations in any other octant were labeled a miss. 
Saccadic curvature. Curvature was defined as the maximum deviation of visual angle 
from a straight-line trajectory divided by the amplitude of movement (see Figure 13) (Smit & 




Van Gisbergen, 1990). Based on this definition, a curvature of 0 indicates a straight line while a 
curvature of 0.5 indicates a semi-circle. Each saccade in every trial was analyzed for saccadic 
curvature.  
 
Figure 13. Illustration of saccadic curvature computation. Maximum deviation of visual angle 







 The results section first details how the data was processed in order to remove errant or 
unsuitable data. After the data was processed, the remaining data was aggregated as a mean by 
distractor spatial frequency, set size, stimulus type, and participant. The effects on the 
dependent variables were analyzed with a 2 (distractor spatial frequency) x 3 (stimulus type) x 4 
(set size) within-subjects ANOVA. Effect sizes were calculated using generalized eta squared 
(η2G) as recommended for repeated measures designs by Bakeman (2005) in addition to partial 
eta squared (η2P). Additional trend analyses were performed for significant set size effects. The 
next section describes the significant results of the goal-directed experiment, following by the 
significant results from the stimulus-driven experiment. 
Data Preparation 
The collected data was first prepared for reasons such as the removal outliers and trials 
in which the participant did not respond. Once the data was cleaned, it was aggregated as a 
mean by distractor spatial frequency, set size, stimulus type, and participant. The aggregated 
data was then checked for normality and adjusted appropriately (see details below). The 
current section details all data preparation and transformation for the dependent measures.  
 Response time. Roughly, 150 msec is the minimum speed of processing in the human 
visual system (Thorpe & Marlot, 1996). Any response times less than 150 msec were removed 
to eliminate likely accidental or anticipatory responses. Response times were also removed 
from the analysis if the participant did not respond before the trial timed out at 2000 msec. 
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Each stimulus type comprised one third of the data (34,560 total trials). Spatial frequency 
singleton stimuli required the removal of 0.4% of the trials (48 out of 11,520) due to non-
responses or a reaction time of less than 150 msec. Following the same criteria, orientation 
singleton stimuli required the removal of 5.5% of trials (640 out of 11,520) and mixed singleton 
stimuli required the removal of 2.1% of trials (241 out of 11,520). In total, 2.7% of the trials (929 
out of 34,560) were removed from the analysis based on response time.  
The resulting response time values were transformed using a log transformation in 
order to create a more normal distribution (Ratcliff, 1993).  
 Accuracy. The accuracy data was defined as either a hit (response matched location of 
singleton target), a miss (response did not match location of singleton target), or missing (there 
was no response). All non-response data were removed based on response time. That is, any 
trial that timed out at 2000 msec was removed from the data as outlined above. Therefore, the 
accuracy data required no additional processing/cleaning. 
 The resulting accuracy data was transformed using a logit transformation in order to 
create a more normal distribution (Warton & Hui, 2011). 
 Saccadic latency. For saccadic latency analysis, any trials that did not contain a saccade 
were removed. Each stimulus type comprised one third of the data (34,560 total trials). Spatial 
frequency singleton stimuli required the removal of 37% of the trials (4,281 out of 11,520), 
orientation singleton stimuli required the removal of 23% of trials (2,756 out of 11,520), and 
mixed singleton stimuli required the removal of 25.5% of the trials (2,935 out of 11,520). In 
total, 28.9% of trials (9,972 out of 34,560) were removed from saccadic latency analysis. 
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 The resulting saccadic latency data were transformed using a square root 
transformation in order to create a more normal distribution. 
 Number of saccades. All trials were included in the analysis of the number of saccades. 
Each trial contained either no saccades or some saccades. A trial with zero saccades was still 
relevant to the analysis and thus not removed from the dataset. 
 The number of saccades data was transformed using a log transformation in order to 
create a more normal distribution (Finney, 1948). 
 First fixation on target. For first fixation analysis, any trials that contained a first fixation 
that landed inside the starting fixation area or landed outside the scope of the stimulus were 
removed. Each stimulus type comprised one third of the data (34,560 total trials). Spatial 
frequency singleton stimuli required the removal of 63.8% of the trials (7,350 out of 11,520), 
orientation singleton stimuli required the removal of 41.1% of the trials (4,738 out of 11,520), 
and mixed singleton stimuli required the removal of 48.2% of the trials (5,557 out of 11,520). In 
total, 51.1% (17,645 out of 34,560) were removed from the first fixation analysis. 
 The resulting first fixation data was transformed using a logit transformation in order to 
create a more normal distribution (Warton & Hui, 2011). 
 Saccadic curvature. For the saccadic curvature analysis, all saccades in every trial were 
analyzed for curvature. Therefore, multiple saccadic curvature data points were potentially 
collected for each trial. The mean curvature per trial was calculated after the removal of data 
due to reasons specified above. Referencing the procedure illustrated in Figure 13, saccadic 
curvature that exceeds 0.5 indicates a saccade curved more than a semi-circle so that the eye 
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begins to move in a direction opposite its starting direction. The current study was only 
interested in saccadic curvature that was quadratic in nature. Therefore, any curvature that 
exceeded 0.5 was removed from this analysis. Data was also excluded if no amplitude was 
recorded for the saccade due to an error in the recording of the eye movement or classification 
of a saccade.  
 Spatial frequency stimuli required the removal of 30.5% of saccadic curvature data 
(4,710 out of 15,444), orientation singleton stimuli required the removal of 12.2% of saccadic 
curvature data (3,450 out of 28,164), and mixed singleton stimuli required the removal of 
15.3% of saccadic curvature data (1,518 out of 9,933). In total, 18.1% of saccadic curvature data 




Results: Goal-Directed Experiment 
 For all statistical analyses, the dependent measures were analyzed using the 
transformed data in order to meet the assumption of normality. However, the means and 
standard errors are reported using the untransformed data for ease of interpretation. 
Response Time 
A significant interaction was found between stimulus type and distractor spatial 
frequency, F(2, 10) = 4.783, p = .010, η2P = .49, η2G = .001 (see Figure 14). Bonferroni adjusted 
pairwise comparisons were performed. For orientation singleton stimuli, parvo-mediated 
distractors resulted in longer response times than magno-mediated distractors, p < .001. 
Similarly, for mixed singleton stimuli, parvo-mediated distractors resulted in longer response 
times than magno-mediated distractors, p = .004. Furthermore, with parvo-mediated 
distractors, spatial frequency singleton stimuli exhibited faster response times than both 
orientation (p < .001) and mixed singleton stimuli (p < .001). With magno-mediated distractors, 
spatial frequency singleton stimuli again exhibited faster response times than both orientation 




Figure 14. The interaction of distractor spatial frequency and stimulus type for response time in 
the goal-directed experiment. 
 
Table 2. Means and standard errors of response time (msec) for the interaction of distractor 
spatial frequency and stimulus type in the goal-directed experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 654 28.19 649 29.60 
Orientation 1249 39.40 1082 24.97 































A Greenhouse-Geisser corrected (ε = 0.192) significant interaction was found between 
stimulus type and set size, F(1.152, 5.76) = 15.629, p = .007, η2P = .76, η2G = .13 (see Figure 15). 
Bonferroni adjusted pairwise comparisons were performed between stimulus types within each 
set size. For the set size of two, orientation singleton stimuli resulted in significantly slower 
response times than both mixed and spatial frequency singleton stimuli (p < .001). For the set 
sizes of four, all stimulus types were significantly different from each other (p < .004). For the 
set sizes of six and eight, spatial frequency singleton stimuli resulted in faster response times 
than both orientation and mixed singleton stimuli (p < .001).  
A trend analysis was performed on set size for each stimulus type. Orientation singleton 
data showed a quadratic trend, F(1, 11) = 87.445, p < .001, η2P = .89, as did the mixed singleton 
data, F(1, 11) = 27.505, p < .001, η2P = .71. The spatial frequency singleton data had no 




Figure 15. The interaction of set size and stimulus type for response time in the goal-directed 
experiment. 
 
Table 3. Means and standard errors of response time (msec) for the interaction of set size and 
stimulus type in the goal-directed experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 647 41.67 643 41.56 652 42.23 664 41.50 
Orientation 976 25.82 1198 38.26 1235 46.60 1253 53.06 

































A significant interaction was found between stimulus type and set size, F(6, 30) = 
12.132, p < .001, η2P = .71, η2G = .16. (see Figure 16). Bonferroni adjusted pairwise comparisons 
were performed between stimulus types within each set size. For the set size of two, 
orientation singleton stimuli exhibited lower accuracy than both mixed and spatial frequency 
singleton stimuli (p < .001). For the set sizes of four, six, and eight, spatial frequency singleton 
stimuli exhibited higher accuracy than both orientation and mixed singleton stimuli (p < .002).  
A trend analysis performed on set size for each stimulus type found a linear trend for 
orientation singleton data, F(1, 11) = 7.469, p = .019, η2P = .40, and a quadratic trend for mixed 
singleton data, F(1, 11) = 12.457, p = .005, η2P = .53. The spatial frequency singleton data 




Figure 16. The interaction of set size and stimulus type for accuracy in the goal-directed 
experiment. 
 
Table 4. Means and standard errors of accuracy (%) for the interaction of set size and stimulus 
type in the goal-directed experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 96.4 3.78 98.9 3.92 98.7 4.05 98.6 3.88 
Orientation 83.9 1.33 76.1 3.58 70.5 4.89 66.2 5.89 





























A Greenhouse-Geisser corrected (ε = 0.687) significant interaction was found between 
stimulus type and distractor spatial frequency, F(1.374, 6.87) = 11.584, p = .009, η2P = .70, η2G = 
.06 (see Figure 17). Bonferroni adjusted pairwise comparisons were performed. Trials with 
parvo-mediated distractors exhibited a shorter saccadic latency than trials with magno-
mediated distractors for orientation singleton stimuli (p < .001) and mixed singleton stimuli (p < 
.001). For trials with magno-mediated distractors, orientation singleton stimuli exhibited 
shorter saccadic latency than both spatial frequency singleton (p = .001) and mixed singleton 
stimuli (p = .005). For trials with parvo-mediated distractors, all stimulus types were 







Figure 17. The interaction of distractor spatial frequency and stimulus type for saccadic latency 
in the goal-directed experiment. 
 
Table 5. Means and standard errors of saccadic latency (msec) for the interaction of distractor 
spatial frequency and stimulus type in the goal-directed experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 301 6.99 289 5.98 
Orientation 222 5.61 275 3.60 





























A Greenhouse-Geisser corrected (ε = 0.814) significant interaction was found between 
set size and distractor spatial frequency, F(2.442, 12.21) = 6.570, p = .009, η2P = .57, η2G = .01 
(see Figure 18). Bonferroni adjusted pairwise comparisons were performed on distractor spatial 
frequency within each set size. Trials with parvo-mediated distractors exhibited shorter 
saccadic latency than trials with magno-mediated distractors for the set sizes of four (p = .008), 
six (p = .002), and eight (p = .008). A trend analysis performed on set size for each level of 
distractor spatial frequency found a significant quadratic trend for magno-mediated distractor 
data, F(1, 17) = 11.151, p = .004, η2P = .40 but no significant trends for the parvo-mediated 







Figure 18. The interaction of set size and distractor spatial frequency for saccadic latency in the 
goal-directed experiment. 
 
Table 6. Means and standard errors of saccadic latency (msec) for the interaction of set size and 
distractor spatial frequency in the goal-directed experiment 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
8 c/deg (Parvo) 257 9.88 264 10.01 262 8.87 268 9.60 






























First Fixation on Target 
 A Greenhouse-Geisser corrected (ε = 0.370) significant interaction was found between 
set size and stimulus type, F(2.22, 11.10) = 5.337, p = .022, η2P = .52, η2G = .06 (see Figure 19). 
Bonferroni adjusted pairwise comparisons were performed between stimulus types within each 
set size. A higher percentage of first fixations on the target occurred for spatial frequency 
singleton stimuli than for orientation singleton or mixed singleton stimuli for the set sizes of six 
(p < .006) and eight (p < .004).  
A trend analysis performed on set size for each stimulus type found a linear trend for 
orientation singleton data, F(1, 11) = 17.385, p = .002, η2P = .61, and for mixed singleton data, 
F(1, 11) = 12.939, p = .004, η2P = .54. The spatial frequency singleton data showed no significant 





Figure 19. The interaction of set size and stimulus type for percentage of first fixations on the 
target in the goal-directed experiment. 
 
Table 7. Means and standard errors of percent of first fixations (%) on the target for the 
interaction of set size and stimulus type in the goal-directed experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 25.8 2.46 26.3 3.34 29.7 2.63 25.8 1.67 
Orientation 23.1 1.03 16.1 2.30 15.1 2.52 13.4 2.50 









































Number of Saccades 
 A significant interaction was found between stimulus type and distractor spatial 
frequency, F(6, 30) = 13.703, p < .001, η2P = .62, η2G = .03 (see Figure 20). Bonferroni adjusted 
pairwise comparisons were performed. For orientation singleton stimuli, parvo-mediated 
distractors resulted in more saccades than magno-mediated distractors, p < .001. Similarly, for 
mixed singleton stimuli, parvo-mediated distractors resulted in more saccades than magno-
mediated distractors, p = .004. Furthermore, with parvo-mediated distractors, spatial frequency 
singleton stimuli exhibited fewer saccades than both orientation (p < .001) and mixed singleton 
stimuli (p < .001). With magno-mediated distractors, spatial frequency singleton stimuli again 
exhibited fewer saccades than both orientation (p < .001) and mixed singleton stimuli (p < 






Figure 20. The interaction of distractor spatial frequency and stimulus type for number of 
saccades in the goal-directed experiment. 
 
Table 8. Means and standard errors of the number of saccades for the interaction of distractor 
spatial frequency and stimulus type in the goal-directed experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 1.10 .121 1.15 .128 
Orientation 4.02 .200 3.22 .130 




































A significant interaction was found between stimulus type and set size, F(2, 10) = 8.311, 
p = .008, η2P = .73, η2G = .12 (see Figure 21Figure 15). Bonferroni adjusted pairwise comparisons 
were performed between stimulus types within each set size. For the set sizes of two and four, 
each stimulus type differed significantly from every other stimulus type (p < .001). For the set 
sizes of six and eight, spatial frequency singleton stimuli exhibited fewer saccades than both 
orientation singleton and mixed singleton stimuli (p < .001).  
A trend analysis was performed on set size for each stimulus type. Orientation singleton 
stimuli showed a quadratic trend, F(1, 11) = 37.933, p < .001, η2P = .78, as did the mixed 
singleton stimuli, F(1, 11) = 30.185, p < .001, η2P = .73. The spatial frequency singleton data 





Figure 21. The interaction of set size and stimulus type for the number of saccades in the goal-
directed experiment. 
 
Table 9. Means and standard errors of the number of saccades for the interaction of set size and 
stimulus type in the goal-directed experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 1.05 .184 1.07 .186 1.15 .173 1.23 .175 
Orientation 2.63 .122 3.60 .167 3.97 .201 4.27 .273 







































 No significant main effects or interactions were found for saccadic curvature. See Figure 
22 for the pattern of results for the non-significant interaction between distractor spatial 
frequency and stimulus type, F(2, 10) = 0.563, p = .586, η2P = .10, η2G = .001. Means and 
standard errors are found in Table 10. See Figure 23 for the pattern of results for the non-
significant interaction between set size and stimulus type, F(6, 30) = 1.598, p = .182, η2P = .24, 






Figure 22. Non-significant interaction of distractor spatial frequency and stimulus type for 
saccadic curvature for the stimulus-driven experiment. 
 
Table 10. Means and standard errors of saccadic curvature (MD°/A) for the interaction of 
distractor spatial frequency and stimulus type. 




Stimulus Type M SE M SE 
Spatial Frequency .080 .003 .079 .003 
Orientation .073 .002 .074 .002 



































Figure 23. Non-significant interaction of set size and stimulus type for saccadic curvature. 
 
Table 11. Means and standard errors of saccadic curvature (MD°/A) for the interaction of set 
size and stimulus type. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency .078 .003 .077 .002 .072 .002 .077 .004 
Orientation .074 .004 .079 .003 .080 .004 .073 .002 









































Results: Stimulus-Driven Experiment 
Response Time2 
 A significant interaction was found between set size and distractor spatial frequency, 
F(3, 15) = 8.528, p = .002, η2P = .63, η2G = .006 (see Figure 24). Bonferroni adjusted pairwise 
comparisons were performed between the two distractor spatial frequencies within each set 
size. For the set sizes of four (p = .009) and six (p = .008), stimuli with parvo-mediated 
distractors exhibited longer response times than stimuli with magno-mediated distractors. A 
trend analysis performed on set size for each distractor spatial frequency found a quadratic 
trend for stimuli with parvo-mediated distractors, F(1, 17) = 15.960, p = .001, η2P = .48, though 
magno-mediated distractor data showed no significant trends.  See Table 12 for means and 
standard errors. 
  
                                                          
2 Response time for the stimulus-driven experiment was to have referred to amount of time the subject 
took to identify which Gabor patch appeared first. However, as will be detailed in the discussion, the meaning of 




Figure 24. The interaction of set size and distractor spatial frequency for response time in the 
stimulus-driven experiment. 
 
Table 12. Means and standard errors of response time (msec) for the interaction of set size and 
distractor spatial frequency in the stimulus-driven experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
8 c/deg (Parvo) 737 13.20 774 10.89 798 14.95 768 15.91 





























 A significant interaction was found between stimulus type and distractor spatial 
frequency, F(2, 10) = 15.711, p < .001, η2P = .76, η2G = .05. (see Figure 25). Bonferroni adjusted 
pairwise comparisons were performed. For spatial frequency singleton stimuli, participants 
identified the spatial frequency singleton as appearing first more often in trials with magno-
mediated distractors than in trials with parvo-mediated distractors (p < .001). Furthermore, for 
trials with magno-mediated distractors, participants identified the parvo-mediated spatial 
frequency singleton as appearing first more often than the orientation singleton in the 
orientation singleton stimuli (p = .006) and the orientation singleton in the mixed singleton 
stimuli (p = .002). For trials with parvo-mediated distractors, participants identified the magno-
mediated spatial frequency singleton as appearing first less often than the orientation singleton 
in the orientation singleton stimuli (p = .001) and the orientation singleton in the mixed 
singleton stimuli (p = .005). See Table 13 for means and standard errors. 
 
                                                          
3 Note: Accuracy for the stimulus-driven experiment measured whether or not the subject chose the 




Figure 25. The interaction of distractor spatial frequency and stimulus type for accuracy in the 
stimulus-driven experiment. 
 
Table 13. Means and standard errors of accuracy (%) for the interaction of distractor spatial 
frequency and stimulus type in the stimulus-driven experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 8.72 0.94 15.80 0.77 
Orientation 12.70 1.21 10.53 1.16 




























 No significant main effects or interactions were found for saccadic latency in the 
stimulus-driven experiment. See Figure 26 for the pattern of results for the non-significant 
interaction between spatial frequency and stimulus type, F(2, 10) = 2.599, p = .123, η2P = .34, 
η2G = .008. Means and standard errors are found in Table 14. See Figure 27 for the pattern of 
results for the non-significant interaction between set size and stimulus type, F(6, 30) = 0.478, p 






Figure 26. Non-significant interaction of stimulus type and distractor spatial frequency for 
saccadic latency in the stimulus-driven experiment. 
 
Table 14. Means and standard errors of saccadic latency (msec) for the interaction of stimulus 
type and distractor spatial frequency in the stimulus-driven experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 434 34.58 422 31.69 
Orientation 403 29.81 395 29.28 




























Figure 27. Non-significant interaction of set size and stimulus type for saccadic latency in the 
stimulus-driven experiment. 
 
Table 15. Means and standard errors of saccadic latency (msec) for the interaction of set size 
and stimulus type in the stimulus-driven experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 402 43.00 442 55.00 438 47.85 429 44.26 
Orientation 387 39.59 399 43.31 407 44.12 404 43.54 




























First Fixation on Target 
 No significant main effects or interactions were found for first fixations on the target in 
the stimulus-driven experiment. See Figure 28 for the pattern of results for the non-significant 
interaction between distractor spatial frequency and stimulus type, F(2, 10) = 0.382, p = .692, 
η2P = .07, η2G = .02. Means and standard errors are found in Table 16. See Figure 29 for the 
pattern of results for the non-significant interaction between set size and stimulus type, F(6, 30) 






Figure 28. Non-significant interaction of stimulus type and distractor spatial frequency for 
percent of first fixations on the target in the stimulus-driven experiment. 
 
Table 16. Means and standard errors for percent of first fixations on target (%) for the 
interaction of stimulus type and distractor spatial frequency in the stimulus-driven experiment. 




Stimulus Type M SE M SE 
Spatial Frequency 12.43 2.52 9.45 2.10 
Orientation 13.55 2.01 9.46 2.41 












































Figure 29. Non-significant interaction of set size and stimulus type for percent of first fixations 
on the target in the stimulus-driven experiment. 
 
Table 17. Means and standard errors of percent of first fixations (%) on the target for the 
interaction of set size and stimulus type in the stimulus-driven experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency 14.34 3.19 14.78 3.73 9.92 2.76 9.47 3.67 
Orientation 15.18 5.04 13.11 2.70 9.73 2.11 10.00 2.12 







































Number of Saccades 
 A Greenhouse-Geisser corrected (ε = 0.441) significant main effect of set size was found, 
F(1.323, 6.615) = 5.785, p = .008, η2P = .54 (see Figure 30). A trend analysis showed a significant 
linear trend, F(1, 35) = 23.903, p < .001, η2P = .41, η2G = .02. See Table 18 for means and 
standard errors. 
 
Figure 30. The main effect of set size for mean number of saccades in the stimulus-driven 
experiment. 
 
Table 18. Means and standard errors of mean number of saccades by set size in the stimulus-
driven experiment. 
Set Size 
2 4 6 8 
M SE M SE M SE M SE 






























 No significant main effects or interactions were found for saccadic curvature in the 
stimulus-driven experiment. See Figure 31 for the pattern of results for the non-significant 
interaction between distractor spatial frequency and stimulus type, F(2, 10) = 0.280, p = .761, 
η2P = .05, η2G = .002. Means and standard errors are found in Table 19. See Figure 32 for the 
pattern of results for the non-significant interaction between set size and stimulus type, F(6, 30) 







Figure 31. Non-significant interaction of distractor spatial frequency and stimulus type for 
saccadic curvature in the stimulus-driven experiment. 
 
Table 19. Means and standard errors of saccadic curvature (MD°/A) for the interaction of 
distractor spatial frequency and stimulus type in the stimulus-driven experiment. 




Stimulus Type M SE M SE 
Spatial Frequency .087 .002 .090 .003 
Orientation .092 .003 .092 .003 









































Figure 32. Non-significant interaction of set size and stimulus type for saccadic curvature in the 
stimulus-driven experiment. 
 
Table 20. Means and standard errors of saccadic curvature (MD°/A) for the interaction of set 
size and stimulus type in the stimulus-driven experiment. 
 Set Size 
 2 4 6 8 
Stimulus Type M SE M SE M SE M SE 
Spatial Frequency .090 .003 .091 .003 .090 .004 .084 .004 
Orientation .088 .005 .095 .003 .095 .003 .089 .004 






































 The data show mixed support for the distractor interference paradigm (Theeuwes, 1991; 
1992; 1994) and the contingent involuntary orienting hypothesis (Folk, Remington, & Johnston, 
1992). More specifically, the data show that a top-down search for a spatial frequency singleton 
is less susceptible to bottom-up interference than a top-down search for an orientation 
singleton. Additionally, the data provide no evidence for a magnocellular attentional advantage.  
A word on the stimulus-driven experiment. The stimulus-driven experiment produced 
data that was not expected. This was likely due to the stimuli’s unforeseen effects on 
participant behavior. That is, the stimuli did not elicit strong enough bottom-up attention 
capture to produce clear results. Consequently, some of the results were difficult to interpret. 
For example, the meaning of response time was different between the goal-directed and 
stimulus-driven experiments. Ideally, the response times for stimulus-driven trials were to have 
measured how quickly different stimuli captured attention in a bottom-up fashion. However, 
the data showed that stimuli in the stimulus-driven experiment captured attention to a 
significantly lesser degree than stimuli in the goal-directed experiment. Since, in the stimulus-
driven experiment, participants were expecting a Gabor patch to appear first as it did 25% of 
the time, it is likely that once participants did not notice anything appear before the full 
stimulus array appeared, they responded with a guess. This would explain the lack of a 
significant difference in response times between the three different stimulus types for the 
stimulus-driven experiment. Therefore, response time for the stimulus-driven experiment is not 
measuring the same thing as response time for the goal-directed experiment. Essentially, 
response time for the stimulus-driven experiment measured how long it took the participant to 
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guess which stimulus appeared first (though all stimuli appeared simultaneously) while 
response time for the goal-directed experiment measured how long it took the participant to 
find a specific target. Furthermore, significantly fewer eye movements occurred in the stimulus-
driven experiment and participants identified the singleton as appearing first less than 15% of 
the time (compared to a minimum of 66% in the goal-directed experiment). This further 
supports the notion that the stimuli in the stimulus-driven experiment were simply not 
capturing attention well enough to provide easily interpretable results. Therefore, the 
discussion will focus mainly on results from the goal-directed experiment. Stimulus-driven 
results will be discussed as supportive evidence where appropriate. 
A word on saccadic curvature. The data showed no effects on saccadic curvature in either 
the goal-directed or stimulus-driven experiments. A lack of saccadic curvature differences 
suggest either that the experiment was not designed to sufficiently elicit saccadic curvature 
differences, or saccadic curvature was simply not occurring differently between conditions. As 
such, saccadic curvature will only be addressed in the limitations section. 
The discussion will be divided into two main sections that focus on results that pertain 
to the top-down versus bottom-up paradigms and magnocellular attentional advantage 
separately. The top-down versus bottom-up paradigms focus on the results from the goal-
directed experiment only. The magnocellular attentional advantage section will focus on results 
from both the goal-directed and stimulus-driven experiments.  
Do Bottom-Up Processes Dominate Top-Down Search? 
 The current section will review the response time and accuracy results as they pertain to 
the predictions of the distractor interference paradigm and the contingent involuntary 
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orienting hypothesis for each stimulus type. This will be followed by a discussion of the eye 
movement results. Overall, the data suggest that top-down search has attentional priority for 
spatial frequency while bottom-up search potentially has attentional priority for orientation. 
Furthermore, any patterns of attentional behavior do not seem to be driven by visual saliency. 
 Response time and accuracy predictions. According to the distractor interference 
paradigm, bottom-up processes dominate top-down search in that irrelevant salient items 
should capture attention. The spatial frequency singleton and orientation singleton stimuli did 
not have salient distractors. Therefore, response times should not have changed with set size 
because the target was always the only salient item in the search array. The mixed singleton 
stimuli did have a salient distractor, however, there was always only one salient distractor 
regardless of the set size. Therefore, no effect of set size would be predicted for the mixed 
singleton stimuli. Overall, the distractor interference paradigm predicts no effect of set size on 
response times.  
 Conversely, according to the contingent involuntary orienting hypothesis, bottom-up 
processes interfere with top-down search only if the distractors are target relevant. In the 
spatial frequency singleton stimuli, the spatial frequency singleton target always shared 
orientation with the distractors. In the orientation singleton stimuli, the orientation singleton 
target always shared spatial frequency with the distractors. In the mixed singleton stimuli, the 
orientation singleton target again always shared spatial frequency with the distractors except 
for one spatial frequency singleton distractor. That spatial frequency singleton distractor did 
not share spatial frequency or orientation with the target. Therefore, the spatial frequency 
singleton distractor should not have capture attention and should have effectively reduced the 
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set size by one. Since the mixed singleton stimuli were exactly the same as the orientation 
stimuli but with a spatial frequency singleton distractor, one would have expected the response 
time results to mimic the results found for the orientation singleton stimuli minus a set size of 
one. That is, we should see the same pattern of results for the mixed singleton stimuli as we see 
for the orientation singleton stimuli but as if the set sizes were one, three, five, and seven 
instead of two, four, six, and eight. Overall, the contingent involuntary orienting hypothesis 
predicts an effect of set size on response time. That is, there should be an increase in response 
time as set size increases.  
 Response time and accuracy results. The data offer mixed results (see Figure 15). There 
was no effect of set size on response time for the spatial frequency singleton stimuli, providing 
support for the distractor interference paradigm. However, the beginnings of an effect of set 
size were found for both the orientation singleton and mixed singleton stimuli. These results 
tentatively support the contingent involuntary orienting hypothesis. Further support was 
provided in that the mixed singleton stimuli did in fact show a pattern of results that mimicked 
the orientation singleton stimuli if the set size were one less.  
 A ceiling effect apparently exists in the participants’ response times at higher set sizes 
for the orientation singleton and mixed singleton stimuli. This pattern was the result of a speed-
accuracy tradeoff. Because the participants were asked to respond quickly, they sacrificed 
accuracy in order to maintain a faster response time. This speed-accuracy tradeoff was 
reflected in the apparent ceiling effect seen in the response time results combined with the 
decreasing accuracy shown as set size increases for the orientation singleton and mixed 
singleton stimuli (see Figure 16). If the participants were asked to respond accurately rather 
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than quickly, the response time results would have presumably continued to increase with set 
size. Therefore, the orientation singleton stimuli and mixed singleton stimuli provide support 
for the contingent involuntary orienting hypothesis. 
 Eye movements. The distractor interference paradigm and contingent involuntary 
orientating hypothesis predictions supported by the response time and accuracy data were 
further supported by eye movement patterns. Overall, the pattern of results for response time 
and number of saccades essentially matched one another. Additionally, the pattern of results 
for accuracy and percentage of first fixations on the target were also similar to each other. A 
discussion of each pair of results follows. 
As mentioned previously, the spatial frequency singleton stimuli elicited a pattern of 
response times that was predicted by the distractor interference paradigm. That is, there was 
no effect of set size on response time. The distractors (being non-salient) presumably did not 
capture attention while the salient target did capture attention. Had the distractors captured 
attention, one would have expected them to capture eye movements (i.e. saccades) as well 
which would have resulted in more saccades as set size increased. In fact, there was no effect 
of set size on the number of saccades. The results show that the average number of saccades 
for any given spatial frequency singleton stimulus trial was approximately one saccade across 
all set sizes (see Figure 21). Furthermore, had the distractors captured attention, one would 
have expected them to pull first fixations away from the target resulting in the percentage of 
first fixations on the target to decrease as set size increased. However, the results again show 
no effect of set size (see Figure 19). Therefore, the lack of a set size effect for response time, 
accuracy, number of saccades, and percentage of first fixations on target suggests the spatial 
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frequency singleton target captured attention without bottom-up interference by the 
distractors. This provides support for the predictions of the distractor interference paradigm 
specifically for the spatial frequency singleton stimuli. 
Conversely, the orientation singleton and mixed singleton stimuli elicited a pattern of 
response time that was predicted by the contingent involuntary orientating hypothesis. That is, 
the distractors (which shared a visual feature with the target) presumably did capture attention 
in a bottom-up fashion, thus interfering with the top-down search for the target and slowing 
response time. This assertion is supported by the pattern of results for the number of saccades 
(see Figure 21). To wit, had the distractors captured attention, one would have expected to see 
more saccades as set size increased as the distractors would have pulled attention, and 
therefore saccades, away from the target. This is in fact what the data show. More so, the 
pattern of results for the number of saccades further mimic the pattern of response time in 
that the mixed singleton stimuli also show the same pattern as the orientation singleton stimuli 
but with a set size of minus one. Furthermore, had the distractors captured attention, one 
would also have expected to see the percentage of first fixations on the target to decrease as 
set size increased, presumably because the distractors were pulling attention away from the 
target. The data support this prediction as well; the percentage of first fixations on the target 
decreased as set size increased (see Figure 19).  
As noted previously, the contingent involuntary orientating hypothesis predicts that the 
spatial frequency singleton distractor of the mixed singleton stimuli should not capture 
attention because it does not share any visual features with the target. If this spatial frequency 
singleton distractor did capture attention, one would have expected to see a lower percentage 
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of first fixations on the target for the mixed singleton stimuli than for the orientation singleton 
stimuli. However, the data show no difference in percentage of first fixations on the target 
between the mixed singleton and orientation singleton stimuli (see Figure 19). This suggests the 
spatial frequency singleton distractor in the mixed singleton stimuli did not capture attention, 
as predicted by the contingent involuntary orientating hypothesis. Overall, the pattern of 
results for response time, accuracy, number of saccades, and first fixations on target, suggests 
that bottom-up processes interfered with top-down search for an orientation singleton target. 
This provides support for the predictions of the contingent involuntary orientating hypothesis 
specifically for the orientation singleton and mixed singleton stimuli. 
 Summary. The data from the spatial frequency singleton stimuli provide support for the 
distractor interference paradigm while the orientation singleton and mixed singleton stimuli 
provide support for the contingent involuntary orientating hypothesis. These mixed results 
suggest top-down versus bottom-up search is more complicated than can be accounted for by 
these two theories. The current study suggests that a top-down search for a spatial frequency 
singleton is less susceptible to bottom-up interference than a top-down search for an 
orientation singleton.  
 Although the current study attempted to control for saliency by equating the visibility of 
the Gabor patches using contrast threshold measurements, the spatial frequency singleton 
stimuli results may have actually been driven by visually salient singletons. Past research has 
used saccadic latency as a measure of relative saliency (Theeuwes, De Vries, & Godijn, 2003). 
Using this metric, if the spatial frequency singletons were more salient than orientation 
singletons, saccadic latency should have been shorter for spatial frequency singleton stimuli 
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than for orientation singleton and mixed singleton stimuli. However the observed pattern of 
saccadic latency did not reflect that (see Figure 17). Therefore, the lack of bottom-up 
interference of top-down search for spatial frequency singleton stimuli cannot be explained by 
suggesting that the spatial frequency singletons were simply more visually salient than 
orientation singletons. 
  The following section will discuss the results as they pertain to a potential 
magnocellular attentional advantage. This will be followed by an overall summary of the results 
and implications. 
Is There a Magnocellular Attentional Advantage? 
 Preferential activation of visual systems. The current study manipulated spatial frequency 
in order to preferentially activate the magnocellular and parvocellular visual systems. Without 
preferential activation, no conclusions can be drawn regarding a potential magnocellular 
attentional advantage. However, the orientation stimuli provided evidence that the spatial 
frequencies used in the study did indeed preferentially activate each visual system. More 
specifically, because the magnocellular visual system is faster than the parvocellular visual 
system (Livingstone & Hubel, 1987; 1988), a response time difference should have been 
observed for orientation singleton stimuli. That is, response times for orientation singleton 
stimuli presented at the high spatial frequency (i.e. 8 c/deg, parvo-mediated) should have been 
and indeed were slower than response times for orientation singleton stimuli presented at the 
low spatial frequency (i.e. 0.8 c/deg, magno-mediated, see Figure 14). Therefore, the 
orientation singleton stimuli provide evidence that the two spatial frequencies chosen for the 
current study preferentially activated the magnocellular and parvocellular visual systems. 
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Furthermore, response time results from the stimulus-driven experiment also showed evidence 
for slower responses time for parvo-mediated stimuli (see Figure 24). Thus, any potential 
differences in patterns of attention observed between the high and low spatial frequency 
stimuli can be attributed to the preferential activation of the visual systems rather than to the 
content of the stimuli.  
No support for a magnocellular attentional advantage. If a magnocellular attentional 
advantage existed, it should have been clearly seen in the spatial frequency singleton stimuli for 
the goal-directed experiment. That is, response time, accuracy, and eye movements for stimuli 
that contained a magno-mediated singleton target should have been different (i.e. faster 
response times, higher accuracy, and more saccades) than for stimuli that contained a parvo-
mediated singleton target. Specifically, for stimuli with a parvo-mediated singleton target, the 
magno-mediated distractors should have captured and pulled attention away from the parvo-
mediated target, thus increasing response time, lowering accuracy, increasing the number of 
saccades, and reducing the number of first fixations to the target. With magno-mediated 
singleton stimuli, the parvo-mediated distractors should have captured attention to a much 
lesser degree, which would have had a smaller impact, if any, on search behavior. The results 
showed no difference in any of the search behavior measures between magno- and parvo-
mediated distractors for spatial frequency singleton stimuli in the goal-directed experiment 
(see Figures Figure 14 and Figure 20). The same lack of differences in search behavior was also 
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true for the stimulus-driven experiments4. Thus no evidence for a magnocellular attention 
advantage was found. 
Furthermore, if there was a magnocellular attentional advantage, it should have been 
apparent when comparing parvo-mediated orientation singleton stimuli to parvo-mediated 
mixed stimuli (i.e. parvo-mediated orientation singleton target with parvo-mediated orientation 
distractors and a magno-mediated spatial frequency singleton distractor). The magno-mediated 
spatial frequency singleton distractor of the mixed singleton stimuli should have captured and 
pulled attention away from the parvo-mediated orientation singleton target. This should have 
resulted in slower response time, reduced accuracy, more saccades, and fewer first fixations on 
the target compared to the parvo-mediated orientation singleton stimuli (i.e. because it lacks a 
magno-mediated singleton distractor). The data showed no difference in any of the measures 
between the parvo-mediated orientation singleton stimuli and the analogous mixed singleton 
stimuli. For what it’s worth, the same lack of differences in search behavior was also apparent 
in the stimulus-driven experiments. Overall, no evidence of a magnocellular attentional 
advantage was found. 
 Summary. The orientation singleton stimuli data provide strong evidence that the spatial 
frequencies used for the study were preferentially activating the magnocellular and 
parvocellular visual systems. Therefore, any search behavior differences found between the 
spatial frequencies could have been attributed to the visual systems rather than to the stimulus 
                                                          
4 There was a significant difference in singleton identification (i.e. “accuracy”) for spatial frequency 
singleton stimuli in the stimulus-driven experiment. Participants identified the parvo-mediated singleton as 
appearing first in 15.8% of the trials compared to 8.7% for the magno-mediated singleton stimuli. However, both 
percentages were well below chance (~26%) and thus do not provide clear evidence that participants’ attention 
was being consistently drawn to either singleton.  
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itself. Nevertheless, neither the goal-directed experiment nor the stimulus-driven experiment 
provided any evidence of a magnocellular attentional advantage.  
Conclusion and Implications 
 Top-down versus bottom-up. The results of the current study suggest top-down versus 
bottom-up search is more complicated than either the distractor interference paradigm or 
contingent involuntary orientating hypothesis acknowledge. The current study suggests that a 
top-down search for a spatial frequency singleton is less susceptible to bottom-up interference 
than a top-down search for an orientation singleton. For the stimuli used in the study, both the 
magnocellular and parvocellular visual systems were activated in a spatial frequency singleton 
search and resulted in no bottom-up interference. Conversely, only one or the other visual 
system was activated during an orientation search where bottom-up interference did occur.  
Given that the stimulus-driven experiment provided evidence that relative visual 
saliency differences did not exist within each stimulus type, perhaps bottom-up interference of 
top-down search was moderated by the activation of the magnocellular and parvocellular visual 
systems. That is, perhaps top-down search is more susceptible to bottom-up interference when 
one visual system is preferentially activated than when both are activated. One could argue 
that the mixed singleton stimuli show evidence of this. The pattern of the response time and 
accuracy results for the mixed singleton stimuli (which was simply an orientation singleton 
stimuli with one spatial frequency singleton distractor) mimicked the pattern of results for the 
orientation singleton stimuli but with the beginnings of a trend toward mimicking the spatial 
frequency singleton results (see Figures Figure 15 and Figure 16).  
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Some researchers have already suggested that top-down versus bottom-up attention is 
more complicated than the current leading models of attention can explain. However, their 
arguments are focused on stimulus independent issues such as the effects of within- and 
between-visual dimensional cueing (Müller, Reimann, & Krummenacher, 2003) or reward and 
selection history (Awh, Belopolsky, & Theeuwes, 2012; Müller, Geyer, & Zehetleitner, 2009). 
The current study shows a more complicated relationship between top-down and bottom-up 
search driven solely by how the stimulus is constructed. Further research is required in order to 
discover all of the factors driving attentional capture. 
No magnocellular attentional advantage. The current study provides no evidence for a 
magnocellular attentional advantage by using a single visual feature and visually equally salient 
stimuli. Previous research has found a magnocellular attentional advantage but cannot exclude 
artifactual explanations. Most previous studies used relatively highly salient stimuli such as 
luminance differences (Steinman, Steinman, & Lehmkuhle, 1997; Irwin, Colcombe, Kramer, & 
Hahn, 2000; Cheng, Eysel, & Vidyasagar, 2004) or sudden-onset distractors (Theeuwes, Kramer, 
Hahn, Irwin, & Zelinsky, 1999). The magnocellular attentional advantage they found may have 
been an advantage inherent in the saliency differences within the stimulus rather than in the 
magnocellular pathway. Conversely, other studies that have not found a magnocellular 
attentional advantage used similar differentially salient stimuli such as luminance (Leonard & 
Luck, 2011) and motion (Ries & Hopfinger, 2011). A common thread in these studies is the use 
of different visual features to preferentially activate the different visual streams. This may have 
affected their findings as it is difficult to equate saliency between two different visual features. 
For example, what difference in color produces the same saliency difference as a 50% 
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difference in contrast? The current study controlled for relative visual saliency by equating 
visibility via contrast thresholds and utilized a single visual feature (spatial frequency) that could 
be manipulated to preferentially activate either the magnocellular or parvocellular visual 
pathway. Given this, the current study provides no evidence for a magnocellular attentional 
advantage by using a single visual feature and visually equally salient stimuli, which provides 
stronger evidence for a lack of a magnocellular attentional advantage than previous research 
has provided. 
Limitations 
Idiosyncratic search strategies. Subject effects were statistically controlled for in the 
analysis, however, participants may have utilized search strategies that defeated potential 
attention capturing effects of the stimuli. For example, if no location-based search strategy was 
used to perform the task and no stimuli attracted attention more than any other, then each 
stimulus location should have received an equal number of first fixations. A cursory 
examination of a subset of the data showed that this was not the case. For example, in the goal-
directed experiment, Participant 1 fixated to the right about 45% of the time for spatial 
frequency singleton stimuli while fixating to the bottom left about 35% of the time for 
orientation singleton stimuli (see Figure 33). See Appendix A for all idiosyncratic first fixation 




Figure 33. Examples of first fixation proportions as a function of stimulus position for different 
search and stimulus types for Participant 1. The graph is arranged to mimic the stimuli. Radial 
axis is percent of first fixations while corners of the octagon indicate stimulus positions.  
Stimulus-driven experiment methods. In stimulus-driven trials, participants were asked to 
identify the first Gabor patch that appeared on the screen. This approach was chosen to elicit 
visual and oculomotor attentional shifts based purely on the attention capturing nature of the 
stimulus rather than because of a goal-driven instruction. Unfortunately, the pattern of results 
found in the data suggest little to no attention capture occurred. 
In traditional bottom-up search, participants are asked to find a singleton target 
knowing the dimension of a feature (e.g., color) but not knowing the specific value of that 


















instructions or if the relative equally visually salient nature of the search array would have 
produced the same pattern of results seen in the present study. This made direct comparison of 
the current study to previous studies more difficult with regards to bottom-up search. 
Speed-accuracy tradeoff. The experimental instructions of the current study emphasized 
that participants should respond quickly (i.e. in under two seconds) rather than emphasizing 
that they should respond accurately. As a result, response times plateaued at higher set sizes 
while accuracy decreased as set size increased. Thus a speed-accuracy tradeoff is apparent and 
it is uncertain how response times would have changed if participants had been asked to 
maintain a high level of accuracy. However, based on past research, response times would likely 
have continued to rise as set size increased. 
Saccadic curvature. The current study did not find any systematic effects on saccadic 
curvature in the data. The stimuli could have been more ideally constructed to be sensitive to 
saccadic curvature. For example, a more ideal stimulus for eliciting saccadic curvature 
differences would entail placing a distractor between the starting fixation location and target 
location while systematically varying the perpendicular from the straight path between the 
start and target locations. By doing this, one would be able to more easily identify the strength 
of the attentional capture by comparing the results between distractor types. In the current 
study, the use of a search array containing a number of items spaced equidistant from the 
center was crucial for obtaining clean measures of response time and accuracy. Saccadic 
curvature was measured, however no differences were found. Furthermore, deciphering 
exactly to which distractor the saccade was curving would be challenging since there was 




 This study produced a rich eye movement data set and, although several analyses were 
run, there are many additional analyses that could be conducted to gain insight into eye 
movements during visual search. For example, future analyses of this dataset could look further 
into participants’ individual search patterns, dig deeper into the pattern of fixations within and 
between conditions, or consider target location as a potential predictor of attentional bias. 
The current study utilized two spatial frequencies that were specifically chosen to preferentially 
activate the magnocellular and parvocellular streams. Future research could use a wider variety 
of spatial frequencies to identify patterns between spatial frequency and attention. For 
example, does the strength of the attentional capture for of spatial frequency singleton stimuli 
exist on a continuum or is it dichotomous? How would the use of a single Gabor patch that 





Abrams, R. A., & Christ, S. E. (2003). Motion onset captures attention. Psychological Science, 14, 
427-432. 
Ansorge, U., & Heumann, M. (2003). Top-down contingencies in peripheral cueing: The roles of 
color and location. Journal of Experimental Psychology: Human Perception & 
Performance, 29, 937-948. 
Atchley, P., Kramer, A. F., & Hillstrom, A. P. (2000). Contingent capture for onsets and offsets: 
Attentional set for perceptual transients. Journal of Experimental Psychology: Human 
Perception and Performance, 26, 594-606. 
Awh, E., Belopolsky, A. V., & Theeuwes, J. (2012). Top-down versus bottom-up attentional 
control: a failed theoretical dichotomy. Trends in Cognitive Sciences, 16, 437-443. 
Bacon, W., & Egeth, H. (1994). Overriding stimulus-driven attentional capture. Perception & 
Psychophysics, 55, 485-496. 
Bakeman, R. (2005). Recommended effect size statistics for repeated measures designs. 
Behavior Research Methods(3), 379-384. 
Bar, M. (2004, August). Visual objects in context. Nature Reviews Neuroscience, 5(8), pp. 617-
629. 
Box, G., & Cox, D. (1964). An analysis of transformations. Journal of the Royal Statistical Society, 
Series B, 26, 211-252. 
Broadbent, D. E. (1958). Perception and communication. Elmsford, NY: Pergamon. 
Cheng, A., Eysel, U. T., & Vidyasagar, T. R. (2004). The role of the magnocellular pathway in 
serial deployment of visual attention. European Journal of Neuroscience, 20, 2188-2192. 
86 
 
Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention in 
the brain. Nature Reviews Neuroscience, 3, 201-215. 
Findlay, J. M. (1997). Saccade target selection during visual search. Vision Research, 37(5), 617-
631. 
Findlay, J. M., & Gilchrist, I. D. (2003). Active vision. New York: Oxford University Press. 
Findlay, J. M., & Harris, L. R. (1984). Small saccades to double-stepped targets moving in two 
dimensions. In A. G. Gale, & F. Johnson (Eds.), Theoretical and Applied Aspects of Eye 
Movement Research (pp. 71-78). Amsterdam: Elsevier. 
Finney, D. J. (1948). Transformation of frequency distributions. Nature, 898. 
Folk, C. L., & Remington, R. W. (1999). Can new objects override attentional control settings. 
Perception & Psychopysics, 61, 727-739. 
Folk, C. L., Leber, A. B., & Egeth, H. E. (2002). Made you blink! Contingent attentional capture 
produces a spatial blink. Perception & Psychophysics, 65(5), 741-753. 
Folk, C. L., Remington, R. W., & Johnston, J. C. (1992). Involuntary covert orienting is contingent 
on attentional control settings. Journal of Experimental Psychology: Human Perception 
& Performance, 18, 1030-1044. 
Folk, C. L., Remington, R. W., & Wright, J. H. (1994). The structure of attentional control: 
Contingent attentional capture by apparent motion, abrupt onset, and color. Journal of 
Experimental Psychology: Human Perception & Performance, 19, 317-329. 
Gibson, B. S., & Kelsey, E. M. (1998). Stimulus-driven attentional capture is contingent on 
attentional set for displaywide visual features. Journal of Experimental Psychology: 
Human Perception & Performance, 24, 699-706. 
87 
 
Hoffman, J. E., & Subramaniam, B. (1995). The role of visual attention in saccadic eye 
movements. Perception & Psychophysics, 57(6), 787-795. 
Irwin, D. E., Colcombe, A. M., Kramer, A. F., & Hahn, S. (2000). Attentional and oculomotor 
capture by onset, luminance and color singletons. Vision Research, 40, 1443-1458. 
Itti, L., & Koch, C. (2000). Saliency based search mechanism for overt and covert shifts of visual 
attention. Vision Research, 40, 1489-1506. 
Jonides, J. (1981). Voluntary vs. automatic control over the mind's eye's movement. In J. B. 
Long, & A. D. Baddeley (Eds.), Attention and peformance IX (pp. 187-203). Hillsdale, NJ: 
Erlbaum. 
Jonides, J., & Yantis, S. (1988). Uniqueness of abrupt visual onset in capturing attention. 
Perception & Psychophysics, 43, 346-354. 
Klein, R. M. (1980). Does oculomotor readiness mediate cognitive control of visual attention? In 
J. B. Long, & A. D. Baddeley (Eds.), Attention and performance VIII (Vol. 8, pp. 259-276). 
Hillsdale, NJ: Erlbaum. 
Lamy, D., Leber, A., & Egeth, H. E. (2004). Effects of task relevance and stimulus-driven salience 
in feature-search mode. Journal of Experimental Psychology: Human Perception & 
Performance, 30, 1019-1031. 
Laycock, R., Crewther, D. P., & Crewther, S. G. (2008). The advantage of being magnocellular: A 
few more remarks on attention and the magnocellular system. Neuroscience and 
Biobehavioral Reviews, 32, 1409-1415. 
Legge, G. E. (1978). Sustained and transient mechanisms in human vision: Temporal and spatial 
properties. Vision Research, 18, 69-81. 
88 
 
Leonard, C. J., & Luck, S. J. (2011). The role of magnocellular signals in oculomotor attentional 
capture. Journal of Vision, 11(13), 1-12. 
Livingstone, M. S., & Hubel, D. H. (1987). Psychophysical evidence for separate channels for the 
perception of form, color, movement, and depth. Journal of Neuroscience, 7, 3416-3468. 
Livingstone, M. S., & Hubel, D. H. (1988). Segregation of form, color, movement, and depth: 
Anatomy, physiology, and perception. Science(240), 740-749. 
Lovejoy, L. P., & Krauzlis, R. J. (2010). Inactivation of primate superior colliculous impairs covert 
selection of signals for perceptual judgments. Nature Neuroscience, 13, 261-266. 
McPeek, R. M., Han, J. H., & Keller, E. L. (2003). Competition between saccade goals in the 
superior colliculus produces saccade curvature. Journal of Neurophysiology, 89, 2577-
2590. 
Miller, J. (1989). The control of attention by abrupt visual onsets and offsets. Perception & 
Psychophysics, 45, 567-571. 
Minken, A. H., Van Opstal, A. J., & Van Gisbergen, J. M. (1993). Three-dimensional analysis of 
strongly curved saccades elicited by double-step stimuli. Experimental Brain Research, 
93, 521-533. 
Müller, H. J., & Rabbitt, P. M. (1989). Reflexive and voluntary orienting of visual attention. 
Journal of Experimental Psychology: Human Perception and Performance, 15, 315-350. 
Müller, H. J., Geyer, T., & Zehetleitner, M. (2009). Attentional capture by salient color singleton 
distractors is modulated by top-down dimensional set. Journal of Experimental 
Psychology: Human Perception and Performance, 35(1), 1-16. 
89 
 
Müller, H. J., Reimann, B., & Krummenacher, J. (2003). Visual search for singleton feature 
targets across dimensions: Stimulus- and expectancy-driven effects on dimensional 
weighting. Jounal of Experimental Psychology: Human Perception and Performance, 
29(5), 1021-1035. 
Noe, A., Thompson, E., & Pessoa, L. (2000). Beyond the grand illusion: what change blindness 
really teaches us about vision. Visual Cognition, 7, 93-106. 
Pashler, H. (2001). Involuntary orienting to flashing distractors in delayed search? In C. L. Folk, 
B. S. Gibson, C. L. Folk, & B. S. Gibson (Eds.), Attraction, distraction and action: Multiple 
perspectives on attentional capture (pp. 77-92). New York, NY: Elsevier Science. 
Peterson, M. S., Kramer, A. F., & Irwin, D. E. (2004). Covert shifts of attention precede 
involuntary eye movements. Perception & Psychophysics, 66(3), 398-405. 
Pinkus, A. R., Garrett, J. S., Paul, T. M., & Pantle, A. J. (2015). Effects of experimental 
manipulation of Fourier components of naturalistic imagery on search performacne and 
eye-traking behavior. Proc SPIE, 9474-34 S7.  
Pomplun, M. (2006). Saccadic selectivity in complex visual search displays. Vision Research, 
46(12), 1886-1900. 
Posner, M. I. (1980). Orienting of attention. Quarterly Jounral of Experimental Psychology, 32, 3-
25. 
Posner, M. I., & Cohen, Y. (1984). Components of visual orienting. In H. Bouma, & D. G. 
Bouwhuis (Eds.), Attention and performance X (pp. 531-556). Hillsdale, NJ: Earlbaum. 




Rauschenberger, R. (2003). Attentional capture by auto- and allo-cues. Psychonomic Bulletin & 
Review, 10, 814-842. 
Remington, R. W., Johnston, J. C., & Yantis, S. (1992). Involuntary attentional capture by abrupt 
onsets. Perception & Psychophysics, 51, 279-290. 
Ries, A. J., & Hopfinger, J. B. (2011). Magnocellular and parvocellular influences on reflexive 
attention. Vision Research, 51, 1820-1828. 
Rizzolatti, G., Riggio, L., Dascola, I., & Umilta, C. (1987). Reorienting attention across the 
horizontal and vertical meridians: Evidence in favor of premotor theory of attention. 
Neuropsychologia, 25, 31-40. 
Sagi, D. (1988). The combination of spatial frequency and orientation is effortlessly perceived. 
Perception & Psychophysics, 43, 601-603. 
Schall, J. D. (1995). Neuronal basis of saccadic target selection. Review in the Neurosciences, 6, 
63-85. 
Simons, D. J., & Rensink, R. A. (2005). Change blindness: Past, present, and future. Trends in 
Cognitive Sciences(9), 16-20. 
Skottun, B. C. (2000). The magnocellular deficit theory of dyslexia: the evidence from contrast 
sensitivty. Vision Research, 40, 111-127. 
Snowden, R. J. (2002). Visual attention to color: Parvocellular guidance of attentional 
resources? Psychological Science, 13, 180-184. 
Steinman, B., Steinman, S., & Lehmkuhle, S. (1997). Transient visual attention is dominated by 
the magnocellular stream. Vision Research, 37, 17-23. 
91 
 
Tavassoli, A., van der Linde, I., Bovik, A. C., & Cormack, L. K. (2009). Eye movements selective 
for spatial frequency and orientation during active visual search. Vision Research, 49(2), 
173-181. 
Theeuwes, J. (1991). Cross-dimensional perceptual selectivity. Perception & Psychophysics, 50, 
184-193. 
Theeuwes, J. (1992). Perceptual selectivity for color and shape. Perception & Psychophysics, 51, 
599-606. 
Theeuwes, J. (1994). Stimulus-driven capture and attentional set: Selective search for color and 
visual abrupt onsets. Journal of Experimental Psychology: Human Perception & 
Performance, 20, 799-806. 
Theeuwes, J. (2004). Top-down search strategies cannot override attentional capture. 
Psychonomic Bulletin & Review, 11(1), 65-70. 
Theeuwes, J., De Vries, G. J., & Godijn, R. (2003). Attentional and colulomotor capture with 
static singletons. Perception & Psychophysics, 65, 735-746. 
Theeuwes, J., Kramer, A. F., Hahn, S., Irwin, D. E., & Zelinsky, G. J. (1999). Influence of 
attentional capture on oculomotor control. Journal of Experimental Psychology: Human 
Perception and Performance, 25, 1595-1608. 
Thorpe, S., & Marlot, C. (1996). Speed of processing in the human visual system. American 
Journal Of Ophthalmology, 122(4), 603. 




Treisman, A. M., & Gelade, G. (1980). A feature-integration theory of attention. Cognitive 
Psychology, 12, 97-136. 
Ungerleider, L. G., & Haxby, J. V. (1982). Two cortical visual streams. In D. J. Ingle, M. A. 
Goodale, & R. W. Mansfield, Analysis of Visual Behavior (pp. 549-586). Cambridge, MA: 
MIT Press. 
Van Ginsenberg, J. M., Van Opstal, A. J., & Roebroek, J. H. (1987). Stimulus-induced midflight 
modification of saccades. In J. K. O'Regan, & A. Levy-Schoen (Eds.), Eye Movements: 
From Physiology to Cognotion (pp. 27-36). Amsterdam: Elsevier. 
Vassilev, A., Mihaylova, M., & Bonnet, C. (2002). On the delay in processing high spatial 
frequency visual information: reaction time and VEP latency study of the effect of local 
intensity of stimulation. Vision Research, 42, 851-864. 
Vidyasagar, T. R. (1999). A neuronal model of attentional spotlight: parietal guiding the 
temporal. Brain Research Reviews, 30, 66-76. 
Warton, D. I., & Hui, F. (2011). The arcsine is asinine: the analysis of proportions in ecology. 
Ecology, 92(1), 3-10. 
White, B. J., & Munoz, D. P. (2011). Separate visual signals for saccade initiation during target 
selection in the primate superior colliculus. Journal of Neuroscience, 31, 1570-1578. 
White, B. J., Kerzel, D., & Gegenfurtner, K. R. (2006). The spatio-temporal tuning of the 
mechanisms in the control of saccadic eye movements. Vision Research, 46, 3886-3897. 




Wolfe, J. M., & Horowitz, T. S. (2004). What attributes guide visual attention and how do they 
do it? Nature Reviews Neuroscience, 5, 495-501. 
Wu, S. C., & Remington, R. W. (2003). Characteristics of covert and overt visual orienting: 
Evidence from attentional and oculomotor capture. Journal of Experimental Psychology: 
Human Perception and Performance, 29, 1050-1067. 
Yantis, S. (2000). Goal-directed and stimulus-driven determinants of attentional capture 
(tutorial). In S. Monsell, & J. Driver (Eds.), Control of cognitive processes: Attention and 
performance XVII (pp. 73-103). Cambridge, MA: MIT Press. 
Yantis, S., & Jonides, J. (1990). Abrupt visual onsets and selective attention: Voluntary versus 
automatic allocation. Journal of Experimental Psychology: Human Perception & 
Performance, 16, 1990. 
Yantis, S., Schwarzbach, J., Serences, J. T., Carlson, R. L., Steinmetz, M. A., & Pekar, J. J. (2002). 
Transient neural activity in human parietal cortex during spatial attention shifts. (995-






















































































































































































First Fixation Search Strategy For Subject 6
Stimulus-Driven
